Background: Dynamic subaortic stenosis occurs in differing situations, commonly with hypertrophic cardiomyopathy. Regardless of the underlying cause, the resulting murmurs usually possess a characteristic sound spectral pattern, manifesting a sharp and high frequency peak occurring late in systole, often bearing a striking resemblance to the subaortic Doppler flow pattern. Methods: Murmurs found in thirty one subjects with dynamic subaortic stenosis were analyzed after having been recorded with a novel portable device capable of spectral and waveform sound displays. Results: All subjects manifested characteristic frequency patterns, consisting of high and sharp peaks occurring in late systole. With significant subaortic stenosis (resting subaortic flow velocity > 2 m/sec) this pattern was evident at rest. In the presence of little or no resting subaortic obstruction (<2 m/sec) this pattern was produced regularly by the Valsalva maneuver. Conclusions: Dynamic subaortic stenosis produces a specific sound spectral pattern that may provide a basis for clinical evaluation, especially in early detection of this disorder and in screening situations.
Background
Increased subaortic blood flow velocity, (dynamic stenosis), is commonly associated with hypertrophic cardiomyopathy, usually resulting from increased interventricular septal thickness in close proximity to anteriorly displaced mitral leaflets in systole [1] . This subaortic narrowing produces murmurs that may be concentrated in mid to late systole when displayed in standard waveform phonocardiograms [2] . Other conditions producing increased intraventricular velocities, however, may represent a heterogeneous group, are relatively common, and have been identified in adults of all ages with or without systolic anterior motion of the mitral valve (SAM). In the absence of SAM, increased velocity is presumed to be a result of narrowing of the midventricle, often associated with hypertrophy, a small chamber diameter and vigorous contraction [3] [4] [5] , and has been identified in as many as 9.4% of those thought to manifest hypertrophic cardiomyopathy [6] . In all cases of dynamic subaortic stenosis, however, the resulting murmurs have been described by auditory assessment as "crescendo-decrescendo, ejection-type, beginning after the first heart sound, peaking during mid to late systole and ending just before the second heart sound" [3] . Standard waveform phonocardiograms may demonstrate a late systolic peak intensity that correlates with the peak Doppler flow signal representing maximum intracardiac velocity [7] . Regardless of what produces increased subaortic velocity, however, the resulting Doppler flow pattern usually demonstrates a sloped acceleration which ends with an abrupt peak during the latter half of systole, resulting in a "dagger like" appearance [8] (Figure 1(c) ). The associated murmurs, when displayed by spectral techniques, often bear a close resemblance to the Doppler flow signals and thus are highly specific for this abnormality.
In order to test the utility of sound recording with spectral display, the author has analyzed the murmurs produced in a group of subjects with dynamic subaortic stenosis. some instances increased velocities were absent at rest but produced through the use of the Valsalva maneuver. The overall group included 14 males and 17 females with an average age of 58.1 years (range, 16 -88) . The underlying diagnosis in many of these individuals was uncertain, for although 24 (77%) had asymmetric septal hypertrophy (septal/posterior wall ratio of >1.3), only 19 of the total 31 patients were thought clinically to have a form of hypertrophic cardiomyopathy. Of the total 31 patients, 21 (68%) had a history of hypertension, and 20 (65%) were older than 50 years of age.
After careful auscultation at all standard locations, recordings were obtained from each subject at the location of maximum auditory transmission, usually from the lower left sternal border. The recording procedure generally required approximately three minutes. All patients voluntarily gave informed consent according to the guidelines approved by the Institutional Review Board of St Vincent's Hospital, Indianapolis, Indiana.
Sound Recording: This was accomplished with a specially designed electronic component inserted into a standard acoustic stethoscope that allowed for both listening and wireless transmission to a hand held computer (Hewlett Packard, model 5500). The sounds were obtained digitally and transferred to a laptop computer (Dell Corp, Inspiron, Model 8600) and subsequently analyzed with the use of specially designed software. The sounds were first displayed in both a spectral and waveform format (Figures 1(a) and (b) ). Waveform display was produced by digital filtration (band pass) between 125 and 500 Hz to facilitate recognition of individual components of the cardiac cycle, i.e., sounds and murmurs. Spectral display was performed in both color shaded and color coded formats (Figures 1-3 ). In the color shaded format, sound frequency is displayed on the vertical axis, and time is displayed on the horizontal axis. Color shading represents relative sound intensities at the various frequency levels; numerical quantitation of these relative values in this format is not possible. In the color coded format, however, the spectral amplitudes are plotted for frequencies up to 2 KHz; those amplitudes above 80% of the minimum amplitude are coded red, while those below are coded black. The border between those two regions is called the "envelope of peak frequencies" (Figure 1) . We have found that optimal assessment of the murmurs' peak frequencies was achieved when the sound spectrograph was coded in this fashion [9] . This method is also useful in producing a pattern capable of distinguishing dynamic subaortic stenosis from other causes of systolic murmurs (Figure 3) . The timing of peak frequencies was measured from an average of at least three cardiac cycles and the delay of this peak expressed as a percentage of systole, i.e., that interval extending from the onset of the first to the second heart sound. Echocardiographic Examination: Complete M-mode, two-dimensional and Doppler echocardiographic examinations were performed on all patients using commercially available cardiac ultrasound equipment (HewlettPackard Recorder model #5500). An S3 multifocal probe transducer was used for imaging and recorded in digitized form into a ProSolv R network. All measurements were performed by experienced cardiac ultrasonographers.
Measurement of left ventricular intracavitary velocities, chamber dimensions, septal and posterior wall thickness have been described elsewhere [10] . The Doppler velocity (V) measurements were made in meters per second (m/s). Only peak intraventricular velocities were reported. A peak velocity of >1.2 m/s was considered abnormally high [3] .
Systolic anterior motion of the mitral valve was determined with M-mode and two-dimensional display when a displacement of the anterior or posterior leaflets or both toward the septum in systole was observed. Statistical methods: Numerical results within and between groups were analyzed through the use of paired and non-paired t tests.
Results
Twenty four subjects (77%) had asymmetric septal hypertrophy of the left ventricle (septum to posterior wall ratio of >1.2). Twenty one (88%) of this latter group demonstrated systolic anterior motion (SAM) of the mitral leaflets, and the three subjects lacking this finding had no evidence of increased subaortic velocities at rest. Seven subjects (13%) had increased midventricular velocities in the absence of identifiable SAM, and of this latter group, only 3 had asymmetric septal hypertrophy. Of the entire group of 31 cases, 4 subjects had peak resting subaortic velocities that did not exceed 1.2 m/s. Resting values in the remaining cases exceeded this value, ranging to a high of 5.7 m/sec. Mitral regurgitation was found in 28 (90%) of the total 31 cases. Of this latter 28, however, none was considered severe in degree: 7 were graded as minimal, 16 as mild, and 5 as mild to moderate. Table 1 and Figure 4 compare the data taken from the cases with mild resting subaortic stenosis (velocity < 2 larly exceeding 330 Hz after Valsalva maneuver ( Table  1 and Figure 4) . The effect of this maneuver was somewhat variable in this latter group, usually elevating frequencies further; however, in 4 instances peak frequencies actually were reduced. In these latter instances, murmur intensity was thought to remain unchanged or to diminish by auditory impression.
M/sec) to those having higher velocities. In response to the Valsalva maneuver, auditory impressions of the murmurs of 22 of the overall 31 subjects (71%) demonstrated increased intensity; whereas 7 showed no such increase and 2 showed a decrease. Resting subaortic velocities were considerably lower (P < 0.001) in those responding with intensification (average 2.5 m/sec) versus those showing no such increase (average 4.56 m/sec).
In the group with lower resting velocities (<2 m/s), peak resting frequencies were variable, but regularly increased in response to the Valsalva maneuver, exceeding 330 Hz by spectral display in all instances. This latter number represents the highest level we encountered in a previous analysis of innocent murmurs employing the
Peak Frequency
In the group with resting velocity of >2 m/s), peak murmur frequencies usually exceeded 300 Hz at rest, regu- same techniques [9] . As noted above, all murmurs in this group responded to this maneuver with auditory intensification. Of the 2 cases responding to the Valsalva maneuver with decreased auditory intensity, both demonstrated a fall in peak murmur frequency but a significant increase in subaortic velocity in response to this maneuver (average = 2.3 m/s). In the remainng 7 showing no change in auditory murmur intensity, the murmurs demonstrated little or no change in peak frequency with only minor increases of subaortic velocities in response to this maneuver (average = 0.33 m/s).
Delay of Peak Frequency
Overall, spectral patterns show resting peak murmur frequencies that are delayed past the halfway point between the first and second heart sounds (average 55.9%). Their contours are usually sharply peaked and often display a concavity on the upward limb of the spectrum, resembling that of the classic Doppler velocity contour ( Figure  1(c) ). Those cases in whom resting velocities equaled or exceeded 2 m/s regularly displayed delayed peak frequencies at rest, averaging 57%. In the 10 cases with lower resting velocities (<2 m/sec), peak resting murmur frequencies were variable and often occurred relatively early (average 50% between S1 and S2), differing significantly from the former group (p < 0.003). In this group with lower resting velocities, the characteristic pattern of subaortic stenosis was revealed during the Valsalva maneuver (Figure 2) , with peak frequencies being increased and delayed to the later half of systole, a change that was highly significant ( Table 1) .
Although assessing the exact time of the peak frequency is challenging, we minimized this potential source of error by averaging the measurements in multiple cardiac cycles. Nevertheless, simple visual inspection in most instances allows one to clearly identify a spectral pattern displaying a characteristic contour with its late peak frequency.
Discussion
We have studied the murmur characteristics in a group of 31 subjects with dynamic subaortic stenosis of varying severity. Although most had asymmetric septal hypertrophy, not all were thought clinically to have a form of hypertrophic cardiomyopathy. Since the majority had a history of hypertension and were older than 50 years of age, one could suggest that the underlying cause of increased subaortic velocity in many such cases was actually unknown but may have been considered to be "hypertensive hypertrophic cardiomyopathy" [3] , or possibly "hypertrophic cardiomyopathy in the elderly" [4] . Regardless of the underlying diagnosis, however, we have found that the spectral pattern of these murmurs is characteristic and usually is easily recognizable. If this pattern was absent at rest, it was readily produced almost immediately during the Valsalva maneuver, usually resembling the Doppler pattern (Figures 1 and 2) . Although a close resemblance between spectral Doppler and acoustic displays might be intuitively expected, this study is the first to demonstrate objectively such a relationship.
This murmur of dynamic subaortic stenosis is easily distinguished from innocent murmurs, which regularly display rounded contours that peak in the first half of systole [9] (Figures 3(a) and (b) ). Murmurs found in valvular aortic stenosis (Figures 3(c) and (d) ) also possess rounded contours, often reaching higher and later peak frequencies [11, 12] , but they are usually identifiable through recognition of this latter contour. The coexistence of mitral regurgitation secondary to SAM did not appear to alter the pattern produced by dynamic subaortic stenosis. Although most of the subjects had mitral regurgitation (usually mild to moderate), none of the recorded murmurs gave any indication that they were caused primarily by this flow disturbance. This is implied by the characteristic murmur frequency patterns, cessation of murmurs before the second heart sound, and typical responses to the Valsalva maneuver. As a practical matter, therefore, recognition of the underlying dynamic subaortic stenosis was not impaired by abnormal mitral flow. By contrast, the independent presence of mitral regurgitation generally produces a murmur that contains no sharp peak frequencies and extends to or beyond the second heart sound [12] .
Although 7 of our subjects demonstrated mid-ventricular obstruction without systolic anterior motion of the mitral valve (SAM), we were unable to detect any difference in the spectral systolic murmur characteristics between this group and those with SAM. Unfortunately, in this regard, our numbers were too few to allow for definitive conclusions.
Most subjects in this study displayed auditory intensification and the appearance of characteristic murmur spectral envelope in response to the Valsalva maneuver. This effect appeared to be most dramatic in subjects possessing low resting subaortic velocities, and this observation might prove useful in detection of cases harboring more subtle variations of these conditions which may be more common than heretofore recognized [3, 13] . Although auditory perception of intensification is easiest in the presence of a soft or absent murmur, this study provides objective support to the concept that, in the presence of resting high-grade stenosis, murmurs often show no change-or even reduction-of intensity in response to this maneuver. These findings suggest that murmur intensity and frequency reflect a complex inter-play between velocity and volume of flow across the stenotic area, i.e., very high velocity may be accompanied by reduced flow volume, yielding lowered auditory intensity and frequency.
Spectral display of sounds possesses distinct advantages over the classic waveform displays (phonocardiography) that have been used for many years [12] , for they require no wave filtration and allow for a large range of intensities to be plotted on the same graph. This also provides a far better means of identification and measurement of peak frequencies. Nevertheless, waveform display is easily obtained simultaneously with the spectral format and can play a useful role in overall murmur characterization and in demonstrating murmur placement relative to the heart sounds. We have also shown spectral displays to be potentially useful in other clinical situations, such as in assessing severity of valvular aortic stenosis [11] , the distinction of innocent murmurs from those of aortic stenosis [9] , and in the evaluation of cervical bruits in order to predict the likelihood of severe carotid arterial obstruction [14] .
The technique used in this study is portable, inexpensive, easily applied, and requires little time for an individual examination. It is readily adaptable to a handheld computer or cellular telephone that possesses visual displays and also provides immediate playback for auditory review. These attributes make it potentially applicable to screening and diagnosis in any situation associated with dynamic subaortic stenosis, especially hypertrophic cardiomyopathy [13] . Since this condition is often the underlying cause of sudden death in young athletes, more inexpensive and efficacious screening tools appear to be urgently needed [15] . The present technique may allow for the detection of cases harboring such obstruction, especially if one employs the Valsalva maneuver with the subject in the upright position, a maneuver that can provoke obstruction when there is none at rest. Spectral display of sounds also offers the opportunity to detect pathological fourth heart sounds [17] , often encountered in hypertrophic cardiomyopathy with or without subaortic stenosis [18] .
Another potential clinical application of spectral sound recording would be in determination of the underlying mechanism of a systolic murmur found together with other situations associated with murmurs, such as in normals (innocent murmur) and valvular aortic stenosis (Figure 3) . In the present study, recognition of the murmur of dynamic subaortic stenosis was not impaired by the presence of coexistent secondary mitral regurgitation. By contrast, the author has found that mitral regurgitation arising from independent causes such as mitral prolapse is easily distinguished from this pattern [12] .
Finally, the present system provides a novel means to teach cardiac auscultation, for it allows for graphic display and immediate playback to single and multiple simultaneous listeners [19] . Moreover, the recordings can be transmitted wirelessly to distant sites and stored permanently for later retrieval. This method requires little training and expertise, is portable and rapidly implemented, and can be applied at the point of care for a fraction of the cost of cardiac ultrasound. Recently developed hand-held echocardiography has been advocated as a substitute for cardiac auscultation [20] , but it is relatively expensive, has limited Doppler flow interrogation, and requires significant operator experience.
Study Limitations The current study contained a selected and limited number of examples of individuals found to have dynamic subaortic stenosis. Additional studies would be required to confirm and extend these applications to larger groups, especially in screening for this disorder and establishing its effect on ultimate outcomes.
Mid-ventricular obstruction in the absence of SAM of the mitral apparatus might potentially produce a subaortic velocity pattern that peaks earlier in systole [21] and possibly may produce a deviant murmur that does not conform to the pattern described in this study. Although we noted no such tendency in the few cases falling into this category, our study population contained an insufficient number to allow for any conclusions regarding this possibility.
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